A novel primer extension-based, multiplex minisequencing assay targeting six highly informative single nucleotide polymorphisms (SNPs) in four virulence genes correctly identified and differentiated all four epidemic clones (ECs) of Listeria monocytogenes and 9 other strains initially misclassified as non-ECs. This assay allows rapid, accurate, and high-throughput screening for all known ECs of L. monocytogenes.
A novel primer extension-based, multiplex minisequencing assay targeting six highly informative single nucleotide polymorphisms (SNPs) in four virulence genes correctly identified and differentiated all four epidemic clones (ECs) of Listeria monocytogenes and 9 other strains initially misclassified as non-ECs. This assay allows rapid, accurate, and high-throughput screening for all known ECs of L. monocytogenes.
Different serotypes of Listeria monocytogenes have been isolated from foods, but only a few (e.g., 1/2a, 1/2b, and 4b) account for the vast majority of clinical cases, and most outbreaks of listeriosis have involved a small number of closely related clones (1) . An epidemic clone (EC) of L. monocytogenes has been defined as groups of genetically related isolates implicated in different, geographically and temporally unrelated epidemics and presumably of a common ancestor (5, 12) . In particular, four ECs are currently recognized: ECI, ECII, and ECIV of serotype 4b and ECIII of serotype 1/2a (5, 12) .
Pulsed-field gel electrophoresis (PFGE) is currently the gold standard technique for subtyping food-borne pathogens, as it has high discriminatory power and good repeatability. However, it is time-consuming, is laborious, has relatively low throughput, requires extensive standardization, and may confound epidemiological investigations of ECs (4, 20) . Consequently, alternative methods for subtyping EC strains have been examined. Multilocus sequence typing, which utilizes sequences of multiple housekeeping genes (15) to determine genetic relatedness, considers specific nucleotide base changes rather than DNA fragment size. Multi-virulence-locus sequence typing (MVLST), which utilizes only virulence genes, was subsequently shown to correctly detect all four ECs with excellent discriminatory power and epidemiological concordance (4, 5) . Instead of sequencing multiple genes, various methods can detect individual polymorphisms at defined SNP (single nucleotide polymorphism) locations (8) . The purpose of this study was to develop a multiplex minisequencing assay detecting multiple SNPs that can correctly identify and differentiate all four ECs of L. monocytogenes.
All 84 selected L. monocytogenes strains (Tables 1, 2 , and 3) were grown overnight at 37°C in tryptic soy broth (TSB; Acumedia, MI). Genomic DNA was extracted using an UltraClean microbial DNA extraction kit (MoBio Laboratories, Solana Beach, CA), quantified by spectrophotometry (Biophotometer 6131; Eppendorf AG, Hamburg, Germany), and stored at Ϫ20°C.
Four virulence genes, internalin A, B, and J and sortase A genes (inlA, inlB, inlJ, and srtA), were selected based on their more rapid rate of evolution compared to that of housekeeping genes (2, 15) and their ability to provide profiles specific for each EC and to differentiate the four ECs from other non-EC strains. Sequences of internal fragments in these genes (14) were aligned using Mega 2.0 software (22) , and then diagnostic SNPs were selected and preliminary PCR and minisequencing primers (SP) were designed (Table 4). All sequences available in GenBank for each EC were examined to confirm the absence of intraclone variations of the selected SNPs.
Multiplex PCRs were performed in 50 l containing 75 mM Tris-HCl (pH 8.8); 1 unit of recombinant Taq DNA polymerase (Invitrogen, Carlsbad, CA); a 0.2 mM concentration of each deoxynucleoside triphosphate (dNTP) (Pharmacia, Uppsala, Sweden); 25 pmol for inlA, inlB, and inlJ primers and 40 pmol for srtA primers; 1.5 mM MgCl 2 ; and 250 ng of DNA template. PCR conditions were 5 min at 95°C followed by 35 cycles at 94°C for 30 s, 55°C for 1 min, and 72°C for 40 s and a final extension of 72°C for 7 min. All thermocycling reactions were performed using a GeneAmp PCR System 2720 (Applied Biosystems, Foster City, CA). Amplicons were resolved by electrophoresis on a 2.0% agarose gel (Invitrogen, Carlsbad, CA). Amplification of specific fragments of 495 bp, 304 bp, 387/402 bp, and 193 bp for inlA, inlB, inlJ, and srtA, respectively, was observed in all but four strains, which lacked inlB and inlJ ( Fig. 1; Table 2 ). These genes were missing in 57% of lineage III strains of L. monocytogenes. In particular, strain J1-023 (Table 2) , although belonging to the International Life Sciences Institute diversity subset and originally classified as a lineage III L. monocytogenes, was later reclassified as a hemolytic strain of Listeria innocua (10, 11) . Lineage III strains show high genetic variability and do not possess a number of genes specific for L. monocytogenes, such as internalin genes and other virulence genes (7, 13, 18) . Moreover, reclassification of these strains has been proposed (23), thus corroborating their pronounced genetic divergence from other L. monocytogenes strains.
Multiplex PCR products were used as templates for subse- III, 4a  AAAACA  -W1-111  NA  NA  III, 4c  GAAA  -W1-112  NA  NA  III, 4a  GAAA  -W1-110  NA  NA  III, 4c  AGAACA  -J1-158  Animal  1997-goat  III, 4b  GAAA  -J1-023  NA  NA  III, 3a GAAA -a -, confirmation was not carried out for these samples, as they were already known to be EC strains (N1-225 and J1-110) or did not show an EC profile. b NA, not available. City, CA), using parameters described previously (6) . Electropherograms were evaluated with GeneMapper 4.0 software (Applied Biosystems, Foster City, CA). The multiplex minisequencing assay not only was able to correctly identify all known ECs with specific profiles (Fig. 2) but also identified nine non-EC strains as ECI, ECII, or ECIV (Tables 2 and 3 ). These findings were confirmed by a previously described multiplex PCR (3) for ECI, ECII, and ECIII and by MVLST (14) for ECIV.
In particular, classification of strain 13.34 (Table 3) as ECI suggested a possible epidemiological link between this strain and the 1987 Switzerland ECI outbreak. ECI strains may have persisted in the environment after 1987 and thus may have been the source of this sporadic clinical strain. Moreover, the perfect sequence identity observed between strain 13.34 and a 4b strain isolated in Switzerland in 1988 from dairy products (7) further strengthens the epidemiological link between strain 13.34 and ECI.
An ECIV profile was found in three strains: J1-225 (Table  2) , R2-578, and R2-583 (Table 3) . However, when other virulence genes were analyzed, strain J1-225 was shown to be highly homologous to ECIV, sharing the same sequence in every SNP location, including the ECIV-specific SNP (inlJ350 in this study). The only difference was observed in actA7, which was in the primer binding site (14) . These findings suggest that strain J1-225 might not be considered belonging to ECIV; however, further studies are needed in order to correctly evaluate its classification. The ECIV minisequencing profile obtained for strain J1-012 ( Table 3 ) could indicate that this strain may need to be reclassified. Some authors did not classify this strain as an EC (5, 12) , while others stated that the 1987 Pennsylvania outbreak was characterized by the presence of both ECI and ECIa/ECIV strains, and strain J1-012 was to be considered an ECI strain (19, 21) . However, based on inlA sequencing results, J1-012 was recently shown to be more closely related to an ECIV strain (19) , which is consistent with our minisequencing results.
In this study, ECI, ECII, and ECIV minisequencing profiles were also found in four sporadic strains; however, no epidemiological correlation with specific outbreak clones/ECs could be established. Notwithstanding, ECs (particularly ECI and ECII) continue to be represented among apparent sporadic cases of listeriosis (9, 16, 17) . In Italy, 27% to 38% of sporadic clinical isolates isolated between 1994 and 2007 showed PCR amplicons specific for EC strains (9) . Recently in Portugal, two strains isolated from sporadic cases showed PFGE profiles ascribable to ECI and ECIV (17) .
Findings from this study may suggest that EC strains have specific environmental reservoirs during the intervals between outbreaks and sporadic cases. Given the repeated and widespread incidences of listeriosis due to ECs in the past, it is reasonable to assume that ECs will again be involved in listeriosis cases in the future. The novel multiplex minisequencing method described represents a simple, accurate, rapid, highthroughput SNP-based subtyping method for use in surveillance, detection, risk assessment, and epidemiological investigation of L. monocytogenes. Detection and differentiation of strains within L. monocytogenes, in particular detection of EC strains, will be crucial to effectively create prevention plans, thus contributing to the improvement of food safety.
